Material in major bands with molecular weights corresponding to those of actin, brain tropomyosin, and myosin is present in purified rat synaptosomes dissolved in sodium dodecyl sulfate and subjected to electrophoresis on dodecyl sulfate-acrylamide gels. A band corresponding to tubulin appears to be the major constituent of synaptosomes, confirming the work of Feit and his coworkers. We have demonstrated by peptide mapping that the proteins in these bands have strong chemical similarities to actin, brain tropomyosin, myosin, and tubulin. We have prepared synaptic membrane, vesicle, and soluble fractions from synaptosomes. The polypeptide composition of synaptic membranes, as determined by dodecyl sulfate-acrylamide gel electrophoresis, is similar to that of synaptosomes, with tubulin, actin, and tropomyosin being major constituents. Synaptic vesicles have as their major polypeptide an unidentified protein with a molecular weight of 50,000; they also have many bands in common with synaptosomes. The soluble fraction predominantly contains actin and tubulln. The possibility that the muscle-like contractile proteins and tubulin are membrane-associated in various cell types is discussed, as is their possible role in neurotransmitter release.
Increasingly, reports have appeared of muscle-like proteins identified in or isolated from brain. Fine and Bray (1) have shown an actin-like protein in embryonic chick brain, and more recently, Fine et al. (2) have isolated a tropomyosin-like protein from the same source. The isolation from brain of a calcium-activated adenosinetriphosphatase similar biochemically to muscle actomyosin has also been reported (3) .
Tubulin, the microtubule subunit protein, exists in highest concentration in whole brain (4, 5) and has also been reported in nerve endings (6) .
Since both muscle contraction and release of neurotransmitter from axon termini are dependent on calcium ion (7, 8) , it is of interest to search for a role for brain contractile proteins in synaptic transmission. These considerations led Berl et al. (9) to the identification of a calcium-stimulated, myosin-like adenosinetriphosphatase activity associated with synaptic vesicles which is stimulated by synaptic membrane components.
We offer here more rigorous criteria for the presence and distribution of proteins similar to actin, myosin, and tropomyosin in rat cortical synaptosomes and in the vesicle, membrane, and soluble fractions of lysed synaptosomes. We also offer evidence that confirms an earlier report of tubulin in nerve endings (6) , as well as evidence concerning its localization.
MATERIALS AND METHODS
Isolation and Fractionation of Synaptosomes. Rat cortical synaptosomes were purified from washed brain mitochondrial pellets by centrifugation through sucrose gradients (10) or Ficoll gradients (11) , or by flotation on Ficoll (12) .
Synaptosomal membranes were obtained by lysis of synaptosomes in distilled water (13) or in 1 mM sodium phosphate containing 0.1 mM EDTA (12) and centrifugation through discontinuous sucrose gradients or through continuous sucrose gradients (14) .
Crude synaptic vesicles were obtained from the upper phase of the continuous sucrose gradients used to purify membranes. Purer vesicles were obtained by lysis of a brain mitochondrial pellet followed by centrifugation through a discontinuous gradient (13) .
Electron Microscopy. Pellets were fixed in Karnovsky's fixative (15) , post-fixed in Millonig's buffered 1% osmium tetroxide (16) , dehydrated in graded ethanol solutions, and embedded in Epon-araldite.
Sodium Dodecyl Sulfate (NaDodSO4)-Acrylamide Electrophoresis of Synaptosomal Proteins. Pellets containing synaptosomes, membranes, or vesicles were dissolved in 2% NaDod-S04 containing 5% 2-mercaptoethanol by heating at 1000 for 2-5 min. The samples were subjected to electrophoresis at pH 7.2 on 7.5% acrylamide gels containing 0.8% N,N'-methylenebisacrylamide (17) .
Recovery of Proteins from NaDodSO4-Acrylamide Gels. The desired bands were cut from the gels, divided into small cubes, and extracted for 2 days at 370 with 1-2 ml of 50 mM sodium phosphate (pH 7.2) containing 0.1% NaDodSO4 (18 Fig. 2a shows the banding patterns of NaDod-S04-acrylamide gels of NaDodSO4-soluble proteins of synaptosomes, synaptic membranes, synaptic vesicles, and the soluble proteins, for synaptosomes obtained after lysis and centrifugation to remove particulate material. A diagram of the gels in Fig. 2a is also presented (Fig. 2b) to clarify the poor contrast of the photographs*. There are major components in some or all of these fractions that migrate with actin, tubulin, and brain tropomyosin, and less intense bands that migrate with the two high-molecular-weight components of brain myosin. Two components are also present in platelet myosin (23 (12) . X23,500. (b) Synaptic membrane fraction prepared by lysis of synaptosomes followed by purification on discontinuous sucrose gradients (13) . X 19,300. (c) Synaptic vesicle fraction prepared by lysis of a rat brain mitochondrial pellet followed by purification on discontinuous sucrose gradients (13) . X26,900. synaptosomes in phosphate buffer containing EDTA (12) (a) . NaDodSO4-acrylamide gels of synaptosomes and subfractions. (b) Diagram of NaDodSO4 gels shown in (a). NaDodSO4-acrylamide gels containing 7.5% acrylamide, 0.8% N,N'-methylene-bisacrylamide, and 0.1% NaDodSO4 were subjected to electrophoresis at pH 7.2 (17) and stained with Coomassie blue R. SYN, synaptosomes prepared on Ficoll gradients (11) . MEM, synaptic membranes obtained by lysing synaptosomes in distilled water followed by purification on continuous sucrose gradients (14) . VESc, a crude synaptic vesicle preparation obtained from the gradients used to purify MEM. VESp, a purer synaptic vesicle fraction obtained by lysis of a brain mitochondrial pellet in distilled water and purified on discontinuous sucrose gradients (13) (a photograph of this gel is not shown because of lack of contrast). SOL, soluble synaptosome proteins obtained as a 10% trichloroacetic acid precipitate from the upper portion of the gradients used to obtain MEM and VESc. STD, standards: MY1 and MY2, large-molecular-weight components of calf brain myosin; TUB, rat brain microtubule subunit (tubulin); ACT, rabbit muscle actin subunit; BTM, calf brain tropomyosin. The arrows indicate bands that migrate with the four major polypeptides of rat brain myelin.
and membranes. This fraction also contains four major bands that migrate with the four major proteins of rat brain myelin, including a band that migrates between tubulin and actin and corresponds to a molecular weight of about 50,000. A purer vesicle fraction prepared by lysis of a mitochondrial pellet in EDTA containing phosphate buffer contained little or no myelin when examined in the electron microscope (Fig. lc) . Gels of this fraction contained reduced amounts of the three bands containing low molecular weight material, but the band containing 50,000 molecular weight material was still a major component (Fig. 2b) . Neither preparation of vesicles contains appreciable bands corresponding to actin and tropomyosin. In addition, the purer preparation of vesicles lacks the band containing 200,000 molecular weight material corresponding to the heavy chain of myosin (Fig. 2b) .
The soluble fraction of lysed synaptosomes contains primarily material corresponding in size to actin and tubulin. These proteins may originate from the synaptoplasm or they may be removed from the presynaptic membrane during lysis. Peptide Maps of Synaptosomal and Standard Proteins. In order to demonstrate more rigorously that protein bands with material corresponding in molecular weight to myosin, actin, tropomyosin, and tubulin were indeed composed of these proteins, we removed these bands from gels of synaptosomes, prepared two-dimensional tryptic or chymotryptic peptides from these proteins, and compared them to corresponding peptide maps of characterized proteins (Fig. 3) .
The peptide maps of bands corresponding to tubulin, tropomyosin, and actin all contain a sufficient number of peptides that correspond in position to peptides in the maps of the standards to establish a strong similarity between the pairs of proteins. The standard maps also contain peptides that do not appear in the maps of the synaptosomal proteins. These peptides may represent real differences between the pairs of proteins, but may result from small differences in the amount of protein applied to the chromatography plates.t A small number of peptides appearing in the maps of synaptosomal proteins do not appear in the maps of the standards. These may be due to contaminating proteins that comigrate on the gels or, again, may represent real differences in primary sequence. Because of an insufficient amount of synaptosomal material, the maps of the myosins are intended to serve as a preliminary comparison showing only a small number of the expected peptides; however, several correspondences can be seen.
Distribution and Biochemical Purity of Synaptosomal
Proteins. Table 1 represents the results of an attempt to quantitate the distribution of the contractile proteins and tubulin in the synaptosomes and synaptosomal subfractions by scanning the gels shown in Fig. 2 with a gel scanner and computing the areas under the peaks of the recorder readout. The results must be considered approximate since the exact l)ositioll of thie base line in the recorder trace was difficult to determine, and since Coomassie blue does not stain all proteins linearly and with equal intensity. It is reported, however, t We have found that slight differences in the amount of a protein spotted on the plates can produce differences in the number of peptides seen; even though we attempted to spot identical amounts of both unknown and standard in each case, small differences will certainly occur. that muscle actin and muscle myosin stain linearly and with nearly equal intensity (24 The NaDodSO4-acrylamide gels of proteins from synaptosomes and several synaptosomal subfractions were scanned with a Gilford densitometer, and the areas under the peaks were computed. The Isolated synaptic vesicles also appear to contain a myosinlike protein and microtubule protein, but it is not possible to determine from this work whether these components merely adhere to the outer surface of the vesicles during the isolation procedure or whether they are native to the vesicle structure. Many of the polypeptide components of the vesicles are also found in whole synaptosomes and in synaptic membranes, but there are important differences in some of the major components. The vesicles contain little or no actin, but contain instead an unidentified protein that migrates between tubulin and actin on NaDodSO4-acrylamide gels. This protein migrates with one of the major polypeptides of rat brain myelin, but electron micrographs and gels of the vesicle preparation contain no indication of a myelin contamination. This protein also corresponds closely in molecular weight to the subunit protein of neurofilaments (26) . It has been suggested (27) that synaptic vesicles have bound neurofilaments subunits. Neurofilaments have also been seen in presynaptic nerve termini (25) . N Although proposals have been made for the involvement of contractile proteins in neurotransmitter release (9) , it is clear that the muscle-like proteins are not unique to nerve endings, but are found in a large number of mammalian and nonmammalian cells (28) . The fact that they are membraneassociated proteins is also not a unique feature of nerve endings. Actin, for example, is known to be associated with the plasma membranes of acanthamoeba (29) and of fibroblasts (30) . Acrylamide gels of the membrane proteins of whole axons (31), L cells and BHK cells (32) , and brain microsomes (12) contain major bands that migrate similarly to tubulin, actin, and tropomyosin. If a calcium-mediated contractile process is involved in neurotransmitter release, this may represent a specialized function for these proteins.
The recent findings that cytochalasin B, thought to interfere with nonmuscle actomyosin-mediated processes, prevents the release of neurotransmitter from sympathetic neurons (33) and from synaptosomes (34) provides indirect evidence for the involvement of the muscle-like proteins in this process.
There is also indirect evidence for the involvement of tubulin in neurotransmitter release. Colchicine, which irreversibly blocks microtubule assembly, also interferes with this process (33, 35) . The additional facts that calcium ion promotes both the release of neurotransmitter (8) and reversibly blocks the polymerization of microtubules (36) , and the fact that low temperature causes both the reversible depolymerization of microtubules (36) and the release of neurotransmitter from synaptosomes (37) , make it tempting to postulate a role for microtubules in neurotransmitter release. There is, however, insufficient morphological evidence to do so. The existence of intact microtubules [with perhaps a single exception (6)] has not been reported in electron micrographs of either synaptosomes or of intact axon termini. The tubulin of synaptosomes exists either as free or as membrane-associated subunits, or else it exists in some other mode of organization that does not survive fixation procedures.
The elucidation of the role of these proteins, if any, in neurotransmitter release may well await the development of in vitro fractionated systems consisting of transmitter containing synaptic vesicles together with well-characterized components of the presynaptic membrane, and/or soluble proteins from the nerve ending.
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